[1] We examine the orientation and current density of the current sheet during current sheet crossings from Cluster's 2001-2007 tail seasons. The curlometer technique is used to estimate the current density and is combined with Minimum Variance Analysis (MVA) to calculate the direction of the current sheet normal. The SYM-H and AE indices at the time of each crossing are employed to assess how the tilt angle (the angle the normal makes with the Z axis in the GSM YZ plane) and current density depend on geomagnetic conditions. Our results indicate a larger current sheet tilt in the YZ plane during intervals of stronger and/or more prolonged substorm activity, as indicated by the AE index. There is also evidence that when the ring current is enhanced during magnetic storms, the current sheet is less tilted even though the AE index is also disturbed. In addition larger current densities are seen during times of both magnetic storms and substorms, compared to crossings during only substorms and a quiet ring current. We conclude that increased substorm activity disrupts the current sheet structure resulting in greater motion of the current sheet (as found by Davey et al. (2012)) and a greater local tilt to the current sheet. We propose that the increased open flux in the tail during magnetic storms stabilizes the current sheet such that the tilt angle of the current sheet is reduced. The increased amount of open flux during magnetic storms also results in larger current densities within the current sheet.
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Introduction
[2] The cross-tail current sheet is one of the key regions in substorm and storm processes. It separates the northern and southern lobes of oppositely directed magnetic field and is located in the center of the plasma sheet. The structure and dynamics of the cross-tail current sheet have been widely studied and the Cluster mission has enabled far greater understanding of its complex nature by exploiting multispacecraft techniques than previously possible from singlespacecraft missions. Spacecraft have been observed to make multiple crossings of the current sheet during a single orbit, evidenced by multiple reversals of the B X component of the magnetic field, indicating that the current sheet is undergoing a flapping motion. The exact processes which cause this current sheet motion are as yet undetermined, but this motion has previously been associated with substorms [e.g., Davey et al., 2012] , solar wind influences [Forsyth et al., 2009] and bursty bulk Flows (BBFs) [e.g., Sergeev et al., 2006] .
[3] Studies have shown that when the current sheet is active (during flapping motion), it can be highly tilted in the YZ GSM plane and that this tilt is reduced during periods of inactivity when the current sheet is not undergoing flapping motion. For example, Zhang et al. [2002] calculated the inclination angle of the current sheet in the YZ GSM plane using 4 point timing methods for five crossings in 2001 of an active current sheet by Cluster and found that this angle ranged from 41 to over 90 . A further study by Sergeev et al. [2003] found large tilt angles of [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] in the YZ plane using inter-spacecraft timing and MVA methods. A highly tilted current sheet during flapping motion was also shown by Sergeev et al. [2004] and Runov et al. [2005a] , where the Z component of the current density measurements was larger than the Y component. In contrast, a statistical study of inactive current sheets during Cluster's 2001-2003 tail seasons by Petrukovich et al. [2005] showed lower tilt angles from 0 to 40 . They also found that the tilt of the current sheet increased toward the flanks of the magnetotail. While these studies have shown that the current sheet tilt is highly variable, there has been no systematic study of which factors stabilize the variation. We will address this issue in this paper.
[4] Observations have shown that the current density in the tail current sheet can range from less than 10 nA m [Shen et al., 2008; Sergeev et al., 2003 ] to values as high as 30 nA m À2 [Runov et al., 2005a . Values estimated using high spacecraft separation may be underestimated due to the linear interpolation between the spacecraft nodes. However, Nakamura et al. [2006] noted current density values of the order of 100 nA m À2 during a substorm interval, using a 200 km Cluster separation. Comparing these studies indicates that the current density in the current sheet tends to be larger when the sheet is active, but as yet this has not been shown statistically nor has any physical mechanism been proposed to explain this. We will also study these questions in this paper.
[5] Using data from the 2001-2007 Cluster tail seasons, we investigate the dependence of the orientation and current density of the tail current sheet on geomagnetic activity and location. We use the SYM-H and AE indices as measures of geomagnetic activity at the time of each crossing of the current sheet. We examine whether or not the tail is more inclined toward the flanks and whether or not the tail is more highly inclined during periods of greater geomagnetic activity. We also investigate the current density within the sheet and how it varies with geomagnetic activity. We discuss our findings in the context of the global configuration of the magnetosphere and how this configuration may impede activity in the magnetotail.
Instrumentation
[6] We have employed data from the Cluster Fluxgate Magnetometers from Cluster 1-4 (FGM) [Balogh et al., 2001; Gloag et al., 2010] and the Cluster Ion Spectrometer CODIF sensor (CIS-CODIF) [Rème et al., 2001; Dandouras et al., 2010] from Cluster 3. The FGM data are the 5 Hz resolution data from the Cluster Active Archive (CAA) [Perry et al., 2006; Laakso et al., 2010] , box-car averaged and re-binned to a 1 second resolution. The FGM and CIS instrument data were used to search for current sheet crossings as well as to calculate the current density and tilt angle. We have also employed SYM-H [Iyemori, 1990] and AE [Davis and Sugiura, 1966] data from the WDC for Geomagnetism, Kyoto, to provide information on the level of magnetic activity at the time of each current sheet crossing.
Current Sheet Crossing Identification and Data Analysis Techniques

Selection of Data Set
[7] In a recent study, Davey et al. [2012] identified the number of current sheet crossings per orbit for Cluster 3 in the 2001-2007 tail seasons. Orbits in which there were large data gaps (>480 s) and in which the H + density was greater than 1.5 cm À3 were excluded to avoid missing any crossings or including crossings in the magnetosheath. Davey et al. [2012] investigated various thresholds in B X (AE3 nT, AE5 nT and AE7 nT) to define a crossing and no significant differences were found in the results, between the different thresholds. Consequently, Davey et al. [2012] used the AE5 nT threshold for a change in B X to define a crossing when the spacecraft was located at X < À8 R E and |Y| < 10 R E . In this study, we use a similar set of criteria to Davey et al. [2012] to identify those orbits with large data gaps or in which the spacecraft passed into the magnetosheath. However, in this study we identify the current sheet crossings using the barycentric magnetic field data from the Cluster spacecraft, estimated to be the average magnetic field across all four spacecraft.
[8] Figure 1 shows the location of Cluster 3 during those parts of its orbit in which current sheet crossings were observed within the range X < À8 R E and |Y| < 10 R E (taken from Davey et al. [2012] ). The data are shown in the XZ (Figure 1a) , YZ ( Figure 1b) and XY ( Figure 1c ) planes in GSM coordinates. The limits of the range of positions in terms of X and Y directions are due to the criteria used in the selection of crossings. The crossings occur in a range in Z of about À4 to +5 R E . The average tilt of the current sheet in the YZ plane has also been observed by Zhang et al. [2006] and Rong et al. [2010] and is discussed in Davey et al. [2012] . The analysis of the tilt angle of the current sheet, described in the next sections, shows the angles calculated for each crossing. The average tilt shown in Figure 1 in the YZ plane has not been subtracted from any of the following results, but we note that it is of the order of 13 .
Data Analysis Methods
[9] For each crossing, the barycentric magnetic field (that is the magnetic field at the center of mass of the spacecraft tetrahedron) was estimated as the mean magnetic field across the four spacecraft. Only those crossings which involved a current sheet crossing within the barycentric data were used for the study.
[10] Minimum variance analysis (MVA) [Sonnerup and Scheible, 1998 ] was used to identify the direction of maximum variance (l) in the barycentric magnetic field data for each crossing. All crossings included in the data set had a ratio of maximum to intermediate variance eigenvalues of greater than 4. The curlometer technique [Dunlop et al., 1988; Robert et al., 1998 ] was used to estimate the magnitude and direction (m) of the current density throughout the crossing. We performed a cross product of the current density direction (m) and the maximum variance direction (l) to estimate the direction normal to the current sheet (n). The angle that the normal direction makes with the Z (GSM) axis (arctan(|n Y |/|n Z |)) was defined as the tilt angle of the current sheet during each crossing. The effective position from the center of the current sheet, or vertical scale along the normal (Z*) was calculated using
taken from Runov et al. [2005b] , where r n is the gradient in the normal direction of the current sheet and B l is the component of the magnetic field in the direction of maximum variance. When the current density is plotted as a function of Z* it provides a profile of the current density and the half thickness of the current sheet can be estimated.
[11] The curlometer technique assumes that the magnetic field varies linearly between the spacecraft. It estimates the current density within the tetrahedron and is a combination of the estimates of the current density through the faces of the spacecraft tetrahedron. In the calculations, the divergence of the magnetic field deviates from Gauss's Law, from errors in the data and the assumptions used in the curlometer technique, and is used to provide a measure of the accuracy of the estimates. Crossings were included if the accuracy of the current density estimate, indicated by the ratio of div B to curl B, was less than 0.3 for more than 60% of the crossing, based on the work by Runov et al. [2005b] . The database of crossings used in the present study comprised 279 crossings. For each crossing within the database, the SYM-H and AE indices at the time of the crossings i.e. where the barycentric B X = 0, were used to identify whether the ring current was enhanced and whether substorms were present.
Results
Current Sheet Orientation
[12] Figure 2 shows how the current sheet tilt angle varies with the SYM-H (Figure 2a ) and AE ( Figure 2b ) indices at the time of each crossing. When SYM-H is <À70 nT (in Figure 2a) , the tilt angles are <25
. In addition there are very high values of tilt angle, approaching 90
, that occur when SYM-H is positive and also when it is negative down to about À50 nT. In addition, the scatter of values increases as SYM-H increases (up to about +20 nT). The variation of tilt angle with the AE index is however not so clear (Figure 2b ). For the purposes of this paper, we have used the SYM-H index to give an indication of when the ring current is enhanced and therefore we define storm conditions to be when SYM-H values are ≤À50 nT. In view of this, the tilt angle variation with the AE index for non-storm times (where SYM-H > À50 nT) is indicated by the black data points and storm-times (where SYM-H ≤ À50 nT) by the red data points. For large AE values (>500 nT) the non-storm times (black data points) have, in general, higher tilt angles than the storm-time data (red data points), although there are fewer data in this region compared to where AE < 500 nT. For lower values of the AE index, there is a wide range of tilt angles, with most crossings having tilt angles of less than 25 . However, there are also some crossings with tilt angles of >60 when the AE index is low and in general there is no obvious trend for AE values <500 nT. In order to view the distributions more clearly, Figure 3 shows the mean tilt angle in bins of SYM-H ( Figure 3a ) and AE ( Figure 3b ). As in Figure 2 , Figure 3b shows non-storm time data in black with storm data in red. Vertical lines through each bar indicate the standard errors on the means and the numbers in each bin are shown above each bar. There is a peak in mean tilt angle where SYM-H is between 0 and 50 nT in Figure 3a , with a decrease in tilt angle as the bins approach À150 nT. In Figure 3b the mean tilt angle increases with higher values of the AE index, although the number of data points decreases above 500 nT. To investigate the significance of the relationship with the AE index, we applied the Mann-WhitneyWilcoxon test [Barlow, 1989] . The test is used to compare groups when the distribution cannot be assumed to be normal. It tests whether the two groups are from the same population and uses a ranking system on the data, resulting in a U statistic that can be compared to tables of critical values. When comparing the tilt angles in a group with low AE indices (<500 nT) compared to a group with high AE indices (≥500 nT), for non-storm times only (SYM-H > À50 nT), the mean tilt angle for the lower AE group is 16.95 and 27.60 for the high AE group. The Mann-Whitney-Wilcoxon test demonstrates that the two groups are statistically different at the 95% level.
[13] In order to see any trends in tilt angle with position, the mean tilt angle of the current sheet for groups of crossings in 1 R E bins, at different positions in the magnetotail is (Figure 4b ). There is no evidence that there are increased tilt angles on the dusk flank of the tail, although we note that our data are restricted to |Y| < 10 R E , so we are unable to ascertain whether the tilt angles increase further into the dusk flank. Figure 4c shows larger tilt angles at larger Z values.
[14] Figure 5 shows the mean tilt angle for three different levels of geomagnetic activity i.e. during quiet times, substorms and magnetic storms (indicated by an enhanced ring current). The data were separated according to the AE and SYM-H indices at the time of each crossing. Quiet conditions (QT) were defined as SYM-H > À50 nT and AE < 500 nT. Substorm conditions (AE) were defined as SYM-H > À50 nT and AE ≥ 500 nT and finally storm conditions with an enhanced ring current (RC) were defined as SYM-H ≤ À50 nT and AE ≥ 500 nT. It should be noted that the two crossings that occurred during enhanced ring current conditions with low values of the AE are not included in the analyses of the three groups mentioned previously as our aim is to compare the effect of the ring current under similar AE conditions. Standard errors on the means are shown by vertical lines through each data point and the numbers in each Figure 3a shows the data in 50 nT bins and Figure 3b shows the data in 250 nT bins. In Figure 3b , those crossings where SYM-Heater À50 nT are shown in black and SYM-H ≤ À50 nT are the red data. The values of SYM-H and the AE index used are those at the point of the crossing where B X = 0. Standard errors of the means are shown by vertical lines through each bar and the numbers in each bin are above each bar. group are shown above each bar. The tilt angle is largest for the substorm group (AE) whereas the enhanced ring current group (RC) has the lowest mean tilt angle. The Mann-Whitney-Wilcoxon test was again used to compare the QT and AE groups and the AE and RC groups. We found the differences between those groups to be statistically significant to a 95% significance level.
[15] Since the Cluster orbit changes from one year to the next we compare the tilt angle for different geomagnetic conditions for the first four years of data in Figure 6 (Figure 6d) , the 'AE' group has a lower value of mean tilt angle compared to the other groups. The largest difference between the mean tilt angles of the 'AE' and 'RC' groups is in 2001 (Figure 6a ) where the mean SYM-H value for the 'RC' group is À102 nT. In 2004, where the 'RC' group tilt angle is larger than the 'AE' group and the data do not follow the pattern of years 2001-2003, the mean SYM-H value for the 'RC' group is À59 nT, indicating a much less enhanced ring current than in the earlier years. Figure 6 indicates that there may be more of an effect of an enhanced ring current on the tilt angle when SYM-H is more negative as in 2001, compared to the later years when the values of SYM-H are less negative. [16] In this section, we analyze the current density in the magnetotail current sheet with respect to position and geomagnetic activity, in a similar manner to our treatment of the current sheet tilt angle in section 4.1. For each crossing, the maximum current density magnitude reached was calculated and Figure 7 shows the spatial distribution of the means of those maximum current density values in 1R E bins in the X (Figure 7a ), Y ( Figure 7b ) and Z GSM (Figure 7c ) directions. As in Figure 4 some of the bins have smaller numbers of crossings and should be treated with caution. The mean current density magnitude shows no obvious trend with position, unlike the current sheet tilt angle (section 4.1).
Current Sheet Current Density
[17] In Figure 8 the mean current density magnitude is plotted as a function of Z* in 0.1 R E bins, for each of the geomagnetic condition groups described earlier, using all the data from 2001-2007. The mean current density magnitude within each bin of Z* was calculated for each crossing and Figure 8 shows the means of those values for each geomagnetic activity group. The quiet conditions group (QT) is shown in red, the high AE index group (AE) is shown in green and the enhanced ring current group (RC) is in blue and they are defined in the same way as in previous figures. The standard errors on the mean values are indicated by vertical lines through each data point. When the data are considered together in this way, the 'RC' and 'QT' groups have larger maximum current densities than the 'AE' group, particularly in the central section of the current sheet, around Z* = 0.
[18] As with the tilt angle study (section 4.1), separating the data into the first four years of data enables a comparison of geomagnetic conditions within each tail season as well as an investigation of the effect of increasing strengths of the ring current. The mean current density data as a function of Z*, in 0.1 R E bins and separated by year, is presented (Figure 9 ) for the first four years of data where there are enough data to allow comparisons of all three geomagnetic condition groups. The mean values of SYM-H and AE are given for each group next to the panels. The 
Discussion
[19] Our investigation focused on the cross-tail current sheet and studied its orientation in the YZ plane and current density. We used data from Cluster's 2001-2007 tail seasons to examine whether the orientation and current density of the current sheet varied with three different levels of geomagnetic activity, defined using the AE and SYM-H indices. Our study has shown that the tilt of the current sheet is larger during times of increased substorm activity and that when the ring current is enhanced the tilt angle is reduced. We have also shown that the current density varies with substorm and storm activity, with larger current densities observed during magnetic storms when the ring current is enhanced.
[20] There was some indication from Figures 2 and 3 that there was a smaller tilt angle in crossings where the ring current was enhanced, implying that during magnetic storms the current sheet may be stabilized in terms of its orientation. The relationship with the AE index shown in Figure 3 implied that crossings of the current sheet during non-storm times had larger tilt angles than those during storm conditions and that the tilt angle increased with increasing AE, although the number of data points above 500 nT were fewer than where the AE < 500 nT. Figure 4 showed that the tilt angle also varied with position of the crossing. It suggested that the tilt angle may be slightly larger in the dawn flank (Y GSM direction) and at larger values of Z(GSM). The observation at high Z values is to be expected as the Cluster tail season occurs when the neutral sheet is located at positive Z, due to the tilt of the Earth. Tsyganenko et al. [1998] showed that the magnetotail current sheet is tilted away from the XY plane, with this warping increasing toward the flanks. As such, we would expect to see higher tilt angles at the flanks of the magnetosphere as the current sheet is naturally tilted away from the XY plane at these locations. The effect of the IMF B Y on the tilt in the YZ plane was shown to be larger with increasing distance downtail as Tsyganenko et al. [1998] considered distances up to 100 R E downtail. We have not considered the effect of IMF B Y in our study, although based on the data from Tsyganenko et al.
[1998], we estimate any effect to be between 6-9 , for IMF B Y = 10 nT, in both flanks at the downtail distances considered in our study.
[21] The overall picture of the data ( Figure 5 ), comparing geomagnetic conditions for 2001-2007, clearly demonstrated the increased tilt angle during high values of the AE index and lower tilt angles during quiet and storm times. The first four years of data were then considered ( Figure 6 ) and for 2001-2003 the groups of crossings with the enhanced ring current (RC) had lower tilt angles than the groups with the large AE indices and a quiet ring current (AE), although there was large variation for the AE group in 2002 and 2003. In contrast, 2004 did not follow this pattern. However, when the mean values of SYM-H for the enhanced ring current groups (RC) were compared, it was clear that the mean value of SYM-H for 2004 was more positive than in the previous years. The results suggest that crossings occurring when there is an enhanced ring current have a lower current sheet tilt angle, especially with increasing strength of the ring current.
[22] The range of tilt angles calculated in this study are in agreement with those observed by others such as Zhang et al. [2002] , Runov et al. [2005b] and Sergeev et al. [2003 Sergeev et al. [ , 2004 . The larger tilt angles noted by others were generally found in flapping current sheets. Although this study did not investigate current sheet flapping, a previous study [Davey et al., 2012], found that current sheet flapping was associated with enhanced substorm conditions. The present study found that increased substorm conditions are associated with larger tilt angles and as such the combination of the present study and Davey et al. [2012] are in agreement with the previous studies. In addition Davey et al. [2012] found that during magnetic storms, the flapping motion was generally decreased. Other work [Petrukovich et al., 2005] showed lower tilt angles for an inactive current sheet. The present study, showing that during magnetic storms there are on average lower tilt angles, is again in agreement with what might be surmised on combining studies such as Petrukovich et al. [2005] and Davey et al. [2012] .
[23] The current density analysis also separated the data into geomagnetic condition groups and Figures 8 and 9 both showed that the groups of crossings with an enhanced ring current (RC) had higher maximum current densities compared to the other groups, specifically the group with high values of the AE index and a quiet ring current (AE). Research by, for example, Runov et al. [2003 Runov et al. [ , 2006 and Sergeev et al. [2003] , has shown a bifurcated structure of the current sheet. Runov et al. [2006] studied 30 rapid current sheet crossings using 2001 Cluster data and found that 5 out of those were bifurcated. They found no AE-dependence on the different types of thickness of current sheet. Our study did not restrict the duration of crossings and as such we cannot estimate from the Runov et al. [2006] data, how many of the crossings in our study would be classified as bifurcated in structure. It is possible that bifurcation did occur in a proportion of the crossings and as such any averaging may have reduced the current density at Z* = 0. However, we cannot assume that this would have occurred in one group more than the other groups and as such have not included any corrections for possible bifurcation. The lower current density for the 'AE' group may be due to the diversion of the tail current into the ionosphere during the onset of the expansion phase of a substorm, although we have not separated the data according to the substorm phase and so this has not been assessed. Figure 8 also shows a slightly wider current profile for the 'RC' group compared to the other geomagnetic condition groups, implying a larger half thickness. Estimates of half thickness taken from Figure 8 are approximately 0.4 R E (≈2500 km) for the 'RC' group, 0.26 R E (≈1700 km) for the 'QT' group and ≈0.24 R E (≈1500 km) for the 'AE' group. These are values taken from average current density estimates for groups of crossings. They are however in [2005b] (1500-10,000 km) for a statistical study of 78 rapid current sheet crossings, and later Runov et al. [2006] found typical values of <2000 km and 4000 km (for bifurcated current sheets) for fast crossings during Cluster's 2001 tail season.
[24] If the averaged estimates of half thickness are considered to be accurate then spacecraft separations of 1000-2000 km should be adequate to resolve the current densities for the crossings and as such 2001 and 2004 data in Figure 9 should show good estimates of the current density profiles for each group. In contrast, the values in 2002 at 4000 km separation may have underestimated the values somewhat for all groups. Forsyth et al. [2011] noted that the curlometer technique underestimates the current density, although it improves for larger current widths. They also concluded that for currents that are about half the width of the spacecraft separation, the curlometer detects about 80% of the current. In addition, Runov et al. [2005b] calculated that the current density magnitude could be underestimated up to 30% and the half thickness up to 15%. However, in the later years, the mean current density values of the 'RC' groups are very similar to the 'AE' groups and here the mean SYM-H values are À59 nT (2003) and À60 nT (2004) for the 'RC' groups. The results demonstrate that as with the tilt angle, the strength of the ring current may affect the magnetic configuration of the magnetosphere such that the current density within the current sheet during a crossing is higher when SYM-H is less than about À70 nT, implying moderate storm activity.
[25] The current density values estimated in this paper are also in agreement with those noted in previous work such as Rong et al. [2011] , Runov et al. [2005b Runov et al. [ , 2006 , Shen et al. [2008] , Sergeev et al. [2003] , and Petrukovich et al. [2007] , with observations of maximum current density of less than 10 nA m À2 as well as values over 30 nA m À2 for individual crossings. The mean values in specific groups have been presented for the purposes of this paper, rather than individual crossings.
[26] Previous work by Milan et al. [2008] showed that the magnetotail contains more open flux during magnetic storms, suggesting that it becomes stabilized to substorm initiation at these times and that more open flux is needed for reconnection to occur. Davey et al. [2012] found that when the ring current is enhanced the current sheet is stabilized in terms of its motion. They also found that there is more motion when the standard deviation of the AE index implies stronger substorm activity and a quiet ring current. The results from the present study suggest that the enhanced ring current also has an effect of reducing the tilt angle of the current sheet, when SYM-H values are approaching À100 nT. In addition, our results show an increased tilt angle of the current sheet during times when the AE index is ≥500 nT, implying strong substorm activity. Further, our results show larger current densities during storm times compared to quiet and substorm times.
Conclusions
[27] An investigation was carried out of the orientation and current density within the cross-tail current sheet for current sheet crossings between 2001 and 2007, using the Cluster spacecraft.
[28] Our results suggest that crossings occurring when the AE index is large (>500 nT) with a quiet ring current involve larger values of tilt angle and a reduced current density during crossings. In contrast, crossings during substorms but with an enhanced ring current (during magnetic storms) involve a reduced tilt angle and an increased current density, with the strength of the enhanced ring current impacting on how much the current density and tilt angle are affected. We propose that the increased amount of flux in the lobe during magnetic storms, suggested by Milan et al. [2008] , causes an increased pressure on the current sheet, causing it to not only have a reduced motion as found by Davey et al. [2012] , but also a smaller tilt angle in the YZ plane and a larger current density caused by the larger change in B X in the lobes. The effect of interplanetary conditions have not been investigated here, although the work could be extended in the future to examine this. In addition, any disturbances such as fast flows and bifurcations of the current sheet have not been studied and again these would be important areas to focus on for the future. Further work will also investigate how the lobe field changes during these crossings and how different geomagnetic conditions may affect its configuration.
